The dielectric constant, ε , and dielectric loss, ε , of dilute solutions of benzonitrile (C 6 H 5 CN) in benzene have been measured at 9.885 GHz at 25, 30, 35, and 40 • C using standard standing microwave techniques. Following the single frequency concentration variational method of Gopala Krishna, the dielectric relaxation time, τ, and the dipole moment, µ, at various temperatures have been calculated. It was concluded that dielectric relaxation processes can be treated as rate processes just like the viscous flow process. Based on the above studies, the monomer structure of benzonitrile in benzene has been inferred. The solute-solvent molecular association of benzonitrile in benzene has been found. The energy parameters ∆H ε , ∆F ε , ∆S ε for the dielectric relaxation process of benzonitrile in benzene at different temperatures have been calculated and compared with the corresponding energy parameters ∆H η , ∆F η , ∆S η for the viscous flow process.
Introduction
Benzonitrile (C 6 H 5 CN) is a nonaqueous solvent which has a medium value of the dielectric constant (ε = 25.20) [1] and a high dipole moment (µ = 4.05 D) [1] . It is an excellent solvent for many anhydrous inorganic salts, organometallic compounds and a variety of organic substances [2] . Dielectric relaxation studies of polar molecules in a nonpolar solvent from microwave absorption data have been frequently attempted [3 -9] . Dielectric relaxation studies in the microwave region provide meaningful information about various types of molecular associations [10] , because microwaves allow to detect even weaker molecular interactions. This paper is concerned with dielectric relaxation studies of C 6 H 5 CN in benzene at different temperatures (25, 30, 35 , and 40 • C) from microwave absorption measurements at 9.885 GHz. It is found that C 6 H 5 CN exists in monomer form in benzene solution. The solute-solvent molecular association is predicted. The energy parameters ∆H ε , ∆F ε , ∆S ε for the dielectric relaxation process are calculated and compared with the corresponding energy parameters for the viscous flow process. It is found that the dielectric relaxation process is a rate process like the viscous flow process.
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Experimental
Benzonitrile (GC grade; Merck, Germany) was distilled through a long vertical fractionating column under reduced pressure and the middle fraction was collected for use. Benzene (extra-pure AR; Sisco Research Laboratories Pvt. Ltd., Mumbai, India) was dried by refluxing over freshly cut sodium metal for 6 -8 h and then distilled through a long vertical fractionating column. The middle fraction of the distilled benzene was collected for use. The X-band microwave bench was used to measure the wavelength in the dielectric medium and the voltage standing wave ratio (VSWR), using a short-circuiting plunger. Microwave techniques of Heston et al. [11] were used to calculate the dielectric constant, ε , and the dielectric loss, ε , of dilute solutions of C 6 H 5 CN in benzene at different temperatures. The circulation of thermostated water around the dielectric cell controlled the temperature of the solution within ±0.05
• C. The viscosity and the density of benzene at different temperatures were measured with an Ubbelohde viscometer and a pycnometer, respectively. Also the dielectric relaxation time, τ, and the dipole moment, µ, of C 6 H 5 CN in benzene have been calculated following the single frequency concentration variational method of Gopala Krishna [12] . The Eyring rate equations [13] have been used to calculate the energy parameters for a dielectric relaxation process and viscous flow process.
Results and Discussion
The dielectric constant, ε , and the dielectric loss, ε , of the dilute solutions of C 6 H 5 CN in benzene at 25, 30, 35, and 40 • C have been calculated according to the method of Heston et al. [11] and are given in Table 1 . The following equations have been used:
and
Here λ 0 , λ c , λ g , and λ d are the free space wavelength, the cut-off wavelength, the waveguide wavelength, and the wavelength in the waveguide filled with the solution, respectively. ρ is the inverse of the VSWR and dρ/dn is the slope of ρ versus n, where n = 1, 2, 3 . . . . ε and ε were reproducible within ±0.5% and ±3.8%, respectively. The relaxation time, τ, and dipole moment, µ, as given in Table 1 have been calculated by following Gopala Krishna's single frequency concentration variational method [12] . Gopala Krishna's method makes use of Debye's theory of dielectric relaxation. The Debye equation for the complex permittivity of the dielectric medium as a function of frequency of the applied electric field [14] can be written as
where N 1 is the number of polar molecules per unit volume and ε * = ε − jε is the complex permittivity of the medium. ε ∞ is the optical permittivity and ω is the angular frequency. Separating the real and imaginary parts of both sides of (3) yields 
in the above equations, one gets
The value of P in (6) slightly varies over the concentration range of the dilute solutions. But as the variation of ε and ε is far higher than the variation of P due to the change in concentration of the dilute solutions at microwave frequencies, it can be treated as constant over the range of the concentration variation. From the slope of the curve Y versus X the value of the relaxation time of polar molecules in nonpolar solvents can be determined. It can be written as To determine the dipole moment (6) can be written as
with
where N is Avogadro's number, M the molecular mass of the polar substance, W the mass fraction, and d 12 the density of the solution. At low concentration the variation of the density of the solution W may be taken as linear and is then given by the relation
where d 0 is the density of the solvent. In the limited experimental range of concentration variation the graph between X and W can be taken as a straight line with the slope dX/dW as Kd 0 . From this the value of the dipole moment can be calculated using the following relation:
The energy parameters for the dielectric relaxation process of C 6 H 5 CN in benzene and the corresponding energy parameters for the viscous flow of benzene, as given in Table 2 , have been calculated using the following equations given by Eyring et al. [13] for the rate process:
where ∆F ε , ∆H ε , and ∆S ε are the free energy, the enthalpy, and the entropy of activation for the dielectric relaxation process, and ∆F η , ∆H η , and ∆S η are the corresponding energy parameters for the viscous flow process. V is the molar volume of the solvent. The plots of log(τT ) versus 10 3 /T (Fig. 1) and log η versus 10 3 /T (Fig. 2) according to (7) and (9) are found to be linear, which indicates that both the dielectric relaxation process and the viscous flow process can be treated as rate processes. The ∆H ε and ∆H η values are computed from the slope of the linear plot of log(τT ) versus 10 3 /T and log η versus 10 3 /T , respectively, using the relation: slope = ∆H/2.303 R.
The variation of ε and ε with the mass fraction of C 6 H 5 CN in benzene is found to be linear (Figs. 3  and 4 ). This shows that there is no change in the nature of the rotating molecular entities in the benzene solution. This ensures the applicability of Debye's theory and hence of Gopala Krishna's method for calculating the dielectric relaxation time and dipole moment of C 6 H 5 CN in a nonpolar solvent. It is observed that the dielectric relaxation time decreases with increasing temperature. This behaviour may be explained on the basis of Debye's theory of dielectric relaxation [15] .
The dipole moment of C 6 H 5 CN in benzene is found to increase slightly with an increase in temperature and approaches the value known from the literature. This shows that C 6 H 5 CN exists in the monomer form in benzene. The change in the dipole moment with temperature may be due to the stretching of bond moments and the change in bond angles. The small variation of the value of the dipole moment with rising temperature may be attributed to the possible solute-solvent molecular association [16] . A solute-solvent molecular association for C 6 H 5 CN in benzene arises because of the interaction of the nitrile group of benzonitrile and the π-delocalized electron cloud of the benzene molecule (Fig. 5 ). The energy parameters ∆H ε , ∆F ε , ∆S ε for the dielectric relaxation process and the energy parameters ∆H η , ∆F η , ∆S η for the viscous flow process have been compared as shown in Table 2 .
The free energy of activation ∆F ε of the dielectric relaxation process is found to be less than the free energy of activation ∆F η of the viscous flow process. This may be explained on the basis that the dielectric relaxation process includes only the rotation of the molecular complexes, whereas in the viscous flow process both rotational as well as the translation motion of the molecules are involved. It is found that the activation enthalpy ∆H ε of the dielectric relaxation process is less than the activation enthalpy ∆H η of the viscous flow process. The activation enthalpy depends on the local environment of the molecules. Different values for the activation enthalpy indicate that the dielectric relaxation process and the viscous flow process involve the breaking of bonds with the neighbouring molecules in a different way and to a different extent. The entropy of a system is a measure of the disorder of the system. According to Branin and Smyth [17] , a negative value for the activation entropy indicates that a comparatively smaller number of configurations is possible in an activated state, which is more ordered in comparison to the normal state. This again indicates the presence of co- Fig. 3 . Variation of the dielectric constant ε with the mass fraction W of benzonitrile in benzene at different temperatures. operative orientations of the molecules caused by the steric forces or strong dipole-dipole interactions with the dipoles being more aligned in the activated state. However, a positive activation entropy indicates that the activated state is more disordered. In the present case it is observed that the change in entropy of the dielectric relaxation process and the viscous flow process is negative, indicating that the activated state of both processes is more stable than the normal state.
Conclusion
The variation of the dipole moment, µ, of C 6 H 5 CN in benzene shows that C 6 H 5 CN exists in the monomer form in benzene solution. This variation of the value of the dipole moment of C 6 H 5 CN in benzene with increasing temperature may be attributed to a possible solute-solvent molecular association. The measured values of the energy parameters for the dielectric relaxation process and their comparison with the energy parameters for the viscous flow process show that the dielectric relaxation process may be treated as a rate process just like the viscous flow process.
